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 Development of integrated hydrology modeling systems, where subsurface, land-
surface, and energy budget processes are represented, is an increasing trend. In 
hydrologic science, there is a need for more intricate models for comprehensive 
hydrologic forecasting and water management over large spatial areas, specifically the 
Continental US (CONUS). We compare streamflow output from two models developed 
for the CONUS: ParFlow-CONUS, using the integrated model ParFlow and WRF-
Hydro.NWM, a configuration of the National Water Model version 1.2 using the National 
Center for Atmospheric Research, Weather Research and Forecasting hydrological 
modeling extension package WRF-Hydro.  Accurately representing large domains 
remains a challenge considering the difficult task of representing complex hydrologic 
processes, computational expense, and extensive data needs. Intercomparing models 
helps disentangle process, parameter, and formulation differences. Results show that 
WRF-Hydro.NWM and PF-CONUS generally capture flow magnitude, but WRF-
Hydro.NWM better captures flow timing. Spatial differences exist as well—both models 
accurately simulate the humid east, but struggle with the Great Plains and intermountain 
west. Simulations such as these will help improve physical process representation in 
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The Earth has a finite amount of freshwater resources and managing these 
resources is an important part of sustainable and equitable development. In order to 
successfully manage our current resources and plan for future demand, it is imperative 
that we understand quantity, location, and fluxes of water over continental scales 
(Stewart, 2015). The drivers of the hydrologic system are far more complex than only 
those processes considered at the catchment level. Therefore, a clear understanding of 
large-scale hydrologic processes is essential to global water resources management 
(Eagleson, 1986; Barthel, 2014). Within the 20th century, water withdrawals have 
increased seven-fold, creating economic, social, and ecological stress (Gleick, 2000).  
This being the case, it is important to realize the localized nature of water stress across 
the globe and the problems if creates for regional availability and access to water (Oki & 
Kanae, 2006). Recognizing the wider implications and drivers of the water cycle and 
making connections over the large-scale can help to manage and understand resources 
at the watershed scale. With increasing water demand and a growing population, it is 
therefore important to approach the spatial and temporal distribution of water 
holistically, considering all parts of the hydrologic cycle (Savenije, 2008).    
Water remains one of the most valuable natural resources and plays a central 
role in societies and economies. Improper management of water resources has led to 
challenges such as supplying adequate drinking water, food insecurity, and flooding 
hazards.  It is generally accepted that water resources management and development 
can contribute to more equitable development and alleviate poverty, especially in 
developing countries (Grey & Sadoff, 2007). Although developing nations may be more 
vulnerable in regard to water security, the United States has its own concerns. Typically, 
these challenges present themselves as having too little or too much water. For 
example, the southwestern portion of the US has seen an increase in droughts, both in 
length and severity, which puts a strain on an already water stressed region (e.g. 
MacDonald, 2010). Alternatively, other portions of the US experience extreme 
precipitation events, resulting in flooding that impacts lives and property (e.g. Van Der 
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Wiel et al., 2017). Increasing temperatures and a warming climate will only exacerbate 
the challenges of water security, as well as affect the temporal patterns of water (Gleick, 
2016). 
 
1.1  Scientific motivation 
In order to approach the previously outlined concerns specific to the United 
States, we first address the challenge of quantifying water over the continental United 
States (CONUS).  While studies have been conducted on the amount of water use (e.g. 
Kenny et al., 2009; Arpke & Hutzler, 2006), there are few hydrologic evaluations looking 
at the overall amount and location of water across the US.  One of the first obstacles to 
this end is limited observations and overall lack of data.  Although there is an increased 
motivation to procure and make water data available (e.g. UN High Level Panel on 
Water, 2017), data deficiencies remain and pose challenges to planners and policy 
makers. Additionally, even though streamflow observations are relatively plentiful in the 
US, these are often point measurements and are positioned only at specific locations.  
Regionally, data presents even more of a challenge in that there are few large-scale, 
continuous data sets and those that do exist may be insufficient.  For instance, US 
datasets may differ from state to state given collection process differences.  Generating 
high quality data sets over large scales remains a challenge in the hydrological 
community.  
Quantifying hard to measure parameters, such as evapotranspiration (ET) and 
groundwater fluxes, presents another complication to knowing the amount of water 
contained in the CONUS. There are few reliable methods to collect ET observations, 
which are limited to pan evaporation, eddy covariance instruments, and the Bowen 
Ratio technique.  While we have an AmeriFlux network to gather ET data (Schmidt et 
al., 2012), the network of these point measurements is sparse.  The same can be said 
for measuring snow and groundwater.  Remote sensing and satellite imagery offers a 
broad reaching alternative to point observations (Rodell & Famiglietti, 2002), but these 
products are typically generalized with coarse spatial resolution over large areas.  
Satellite remote sensing, such as National Aeronautics and Space Administration’s 
gravity recovery and climate experiment (GRACE), is less labor intensive and able to 
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make general groundwater assessments over regional and continental scales, but with 
such coarse resolution (300-400 km cell size) is unable to capture heterogeneity in 
aquifer systems and has imperfect retrieval algorithms (Rodell & Famiglietti, 2002; 
Rodell et al., 2012; Fatichi et al., 2016).  Although models will not replace observations, 
they may help to fill in some of these gaps in data.   
Models are capable of providing comprehensive information about the quantity 
and movement of water not achievable with observations alone.  Over regional, 
continental, and global scales, certain models are able to holistically represent the 
hydrologic system.  On these spatial extents, we are able to ask questions regarding 
large-scale water management and conduct numerical experiments in attempt to 
answer them.  Examples of this effort include Vörösmarty et al. (2000) comparing the 
contributions of climate change and population growth to water demand and Keune et 
al. (2016) looking at how groundwater representations affect land surface-atmosphere 
feedbacks during the 2003 European heat wave.  Further, integrated models—ones that 
simulate and couple subsurface, land surface, and energy budget processes—offer 
information about a multitude of processes of which would be very difficult to combine 
data sets (Wood et al., 2011).  Additionally, hyper-resolution models—with resolutions 
of 1 km globally and 100 m at continental/regional scales—provide greater detail for 
these hydrologic parameters and are considered a Grand Challenge to Hydrology 
(Wood et al., 2011).   At these finer resolutions, the heterogeneities that play such an 
important role in determining the behavior of the hydrologic cycle are more accurately 
characterized (Shrestha et al., 2015; Bierkens et al., 2014).  With the improvements to 
hydrologic process representation that these models provide, it would be illogical to 
keep this information only within the modeling and hydrologic communities.  Providing 
access of this knowledge to water managers could lead to improved water predictions.  
Integrated models may potentially become tools to help water resources management 
planning and become a potential tool to enhance operational forecasting and policy 
making. Also, in places without sufficient observations, models may play an important 
role in representing hydrologic processes and providing a method for resource planning 
without the cost implementing a large observation network (Dozier, 1992). 
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Existing large-scale hydrologic models have advanced through collaboration 
within the hydrologic community and with other geoscience disciplines. The use of 
global and regional models in the climate, meteorology, and earth systems communities 
has influenced the development of hydrology models.  Over many decades, work has 
been done in these areas to successfully simulate hydrologic cycle processes like 
precipitation, soil moisture, and land surface fluxes using global circulation models, land 
surface models, and Earth system models (Eagleson, 1986). These models are able to 
conduct simulations over large-scales, but typically have very coarse resolution—for 
global models, on the order of 20-100 km (Wood et al., 2011).  This may be enough 
detail for atmospheric properties but is too large to accurately represent heterogeneities 
of the terrestrial water cycle (Bierkens, 2015; Bierkens et al., 2015; Wood et al., 2011).  
Work is being done to improve the representation of hydrological processes in earth 
system models (Clark et al., 2015) and to understand the global water balance 
(Trenberth et al., 2007).   
The idea of integrated, physics-based models has existed since the late 1960s 
(Crawford & Linsley, 1966; Freeze & Harlan, 1969) and these models have since 
become more computationally efficient with improved solvers and parallel computing 
(Kollet et al., 2010).  Integrated, process based hydrologic models have successfully 
simulated catchment scales at high spatial resolutions, up to 10 m (e.g. Pribulick et al., 
2016; Yucel et al., 2015; Senatore et al., 2015) and, with the improvement of 
computational resources and parallel computing techniques (Kollet et al., 2010), are 
expanding to regional and continental scales (Maxwell and Condon, 2016). 
Comparisons of models and verification of their performance remains a challenge 
because of differences in model formulation and lack of formal verification (e.g. 
analytical solutions for coupled model physics), but standards and benchmarks are 
emerging (Sulis et al., 2010; Maxwell et al., 2014; Kollet et al., 2017).  Despite these 
challenges, integrated models are being applied at large scale. 
In this thesis we compare two hydrologic models—both with lateral flow, coupled 
to land surface models, and with the same meteorological forcing—over a large scale 
(CONUS) and at high spatial and temporal resolution.  A comparison of physical, high-
resolution, fully-coupled models over continental scales has not been completed prior to 
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our knowledge.  As a first step, we evaluate streamflow from each model and compare 
with observations from the United States Geologic Survey (USGS) gages. Additionally, 
considering the water resource challenges outlined previously, there is a growing 
demand for an integrated and regional approach to water management (Barthel et al., 
2016).  Through an initial comparison of physics-based models of these magnitudes, we 
open the doors for improving model process representation, understanding advantages 
and disadvantages of physics configurations, and generally enhance the understanding 





























For this study, we are specifically interested in understanding surface water 
quantity in the US over the CONUS.  In order to achieve this, we compare two different 
hydrologic models that have achieved simulations over this domain: ParFlow-CLM (PF-
CONUS) and the National Water Model v1.2 configuration of WRF-Hydro (WRF-
Hydro.NWM).  In this comparison, the study focuses on physics configuration, 
evaluating streamflow, and a brief discussion of possible reasoning for differences and 
similarities seen in models.  Although there are several other important comparisons 
that could be made, to keep within the scope of the study, we will not focus on 
groundwater flow or snow water equivalent evaluation, comparison of each model’s land 
surface model (LSM), in-depth assessment of the NLDAS-2 meteorological forcing 
biases, or the National Water Model operational use of WRF-Hydro.  
 
2.1  Integrated Model Processes 
The goal of any coupled or integrated hydrologic model is to represent the 
terrestrial hydrologic and energy cycles (Maxwell et al., 2014).  In order to achieve this 
over continental scales, simplifications and decisions should be made to represent the 
most pertinent physical processes.  Starting with the land surface and direct interaction 
with precipitation, these processes include land-energy fluxes, canopy interception, 
evaporation and transpiration, snow dynamics, overland flow, channel routing, and 
infiltration into soil and into the root zone.  Subsurface processes include water 
movement within the variably saturated zone, subsurface storage, lateral subsurface 
flow, and interactions and fluxes between the surface and subsurface (Maxwell & 
Condon, 2016; Hrachowitz & Clark, 2017).  Many models attempt to characterize as 
many of these processes as possible (e.g. Maxwell et al., 2011), while some are more 
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2.2  Descriptions of Model Components 
Both ParFlow and WRF-Hydro represent similar physical processes in the 
hydrologic cycle, albeit in different ways. The following descriptions outline some of 
these main differences, as well as configurations of each model used over the CONUS 
domain in this thesis. Additionally, when considering how a model characterizes water 
storage and movement, it is important to note that with any kind of simulation some of 
the aforementioned processes may have simplifications, deficiencies, or may not be 
represented at all—this is true for both models used in this study, ParFlow and WRF-
Hydro.  
 
2.2.1  National Water Model v1.2 Configuration of WRF-Hydro 
The National Center for Atmospheric Research’s Weather Research and 
Forecasting hydrological extension package, or WRF-Hydro (Gochis et al., 2015) offers 
a parallelized structure with multi-physics options for representing subsurface flow, 
baseflow processes, surface overland flow, channel routing, and snow processes (Yucel 
et al., 2015).  WRF-Hydro solves the Boussinesq equation for saturated subsurface 
lateral flow, adding exfiltration from fully saturated cells to infiltration from the LSM 
(Gochis et al., 2015).  In this way the surface interacts with the subsurface and both 
contribute to overland flow and channel routing.  Additionally, there are capabilities for 
simple lake and reservoir routing scheme options available. Drawbacks of these surface 
water representations include the absence of overbank flow and one-way only flow into 
channels and lakes. For the subsurface process, soil layers with a depth of two meters 
are uniform in composition and water table depth is determined according to the depth 
to water of the layer nearest the surface, simplifying representation of variably saturated 
soils.  Also, baseflow is depicted using a conceptual storage-discharge bucket model for 
each catchment (Gochis et al., 2015; Senatore et al. 2015).   
 
2.2.2  ParFlow 
ParFlow (PARallel Flow) (Ashby & Falgout, 1996; Jones & Woodward, 2001; 
Kollet & Maxwell, 2006) is an integrated, parallel model platform that simultaneously 
solves three-dimensional saturated and variably saturated groundwater flow, coupled 
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with overland flow (Maxwell et al., 2009).  Especially important for this methodology, is 
the terrain following grid formulation that allows the structured grid to follow topography 
(Maxwell, 2013).  As a result of solving variably saturated groundwater flow, ParFlow is 
able to simulate lateral groundwater flow and replicate a realistic water table that can 
fluctuate spatially and temporally.  With such a complicated subsurface representation, 
it can take a long time for the groundwater to reach a steady-state and is a difficult 
problem to solve, high in computational expense (Maxwell et al., 2014).  Overland flow 
is represented by the kinematic wave equation in two-dimensions, removing the 
acceleration and pressure terms from the momentum equation and simplifying this 
process.  Additionally, lakes are not considered in this analysis (Condon & Maxwell, 
2015). Finally, although the PF-CONUS characterizes the subsurface to a depth of 102 
meters in this simulation, the deepest layer (100 m) has the same geologic properties 
throughout each grid cell, giving way to a vertically homogeneous deep subsurface 
(Maxwell & Condon, 2016).  
 
2.3  Model Uncertainties and Configuration Comparisons 
Because of difficulties in portraying surface and subsurface flow utilizing 
hydrologic models, it is clear that there is some degree of uncertainty that must be 
accounted for.  As discussed in the Scientific Motivation, the modeling approach 
presents specific challenges like data limitations and uncertain parameters.  Maxwell 
and Condon (2016) outlined a more complete inventory of biases, including: incorrect or 
simplified model physics, bias in meteorological forcing, spatial discretization that may 
ignore heterogeneities, and exclusion of anthropogenic influences, which can lead to 
biases in streamflow. The models in this study are not exempt to these potential biases.  
Specific assumptions and sources of bias to note for the PF-CONUS and WRF-
Hydro.NWM simulations are: 
• lack of complete input datasets over large scales 
• bias of NLDAS-2 meteorological forcing 
• simplification, or absence of anthropogenic influences like water management 
• even with high-resolution, grid discretization always ignores fine-scale 
heterogeneities  
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• simplified groundwater representation and shallow depth (WRF-Hydro.NWM) 
• 1 km terrain routing discretization leads to discrepancies in stream locations (PF-
CONUS) 
• no calibration (PF-CONUS) 
While there are many different physics options available for both ParFlow and 
WRF-Hydro, in this intercomparison, each model has a specific configuration.  Table 2.1 
provides detail of the model assumptions and domain configurations used in this 




Some differences are highlighted here, one of the largest being that each model is 
coupled to a different LSM. WRF-Hydro.NWM is coupled to NoahMP (Niu, et al., 2011), 
while PF-CONUS is coupled to the Common Land Model (CLM) (Oleson et al., 2010).  
Another main difference is spatial grid resolution. PF-CONUS maintains one, structured 
Table 2.1  Comparison of physics and model configurations used in this study for             
PF-CONUS and NWM v1.2 configuration of WRF-Hydro  
 PF-CONUS WRF-Hydro.NWM 
Type Integrated Coupled 
LSM CLM  NoahMP 




Variably saturated 3D Richards’ 
equation; 102m depth of lateral 
subsurface flow 
Saturated Boussinesq subsurface 
flow; 2m depth of lateral flow; 
conceptual baseflow model 
Routing 2D kinematic wave equation Muskingum-Cunge equation 
Overland Flow 2D kinematic wave equation 2D Diffusive wave equation 
Stream Network Naturally form from terrain 
following grid 
Predefined NHD-Plus stream 
network, derived from 1 arc-second 
National Elevation Dataset (~30m) 
Calibration None Approximately 10% of catchments in 
version 1.2 
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resolution for both the hydrologic and land surface model, generating results at 1 km 
lateral resolution. WRF-Hydro.NWM has a variable, structured grid resolution with 
NoahMP representing 1 km and the terrain routing processes at 250 m grid resolution.  
Additionally, both models have different routing configurations.  Surface and subsurface 
integration in PF-CONUS allows groundwater convergence with topography, allowing 
streams to form naturally (Maxwell et al., 2015). The National Hydrography Dataset Plus 
(NHDPlus) predefined stream network (McKay et al., 2012) overlays the WRF-
Hydro.NWM domain and the Muskingum-Cunge method defines the channel routing 
processes within the network.  For a more complete description of each model 
framework, see the WRF-Hydro model technical description and user's guide, version 
3.0 (Gochis et al., 2015) and the ParFlow User’s Manual (Maxwell et al., 2018).  
 
2.4  Experiment Design 
This study was based on the Maxwell and Condon (2016) domain setup involving 
a ParFlow-CLM simulation over most of the continental US.  This was run for water year 
1985 (October 1, 1984 - September 30, 1985) using NLDAS-2 historical meteorological 
forcing at a 1/8° spatial resolution (Cosgrove, 2003; Mitchell, 2004).  With the recent 
utilization of WRF-Hydro in the NOAA National Water Model simulating hydrologic 
process over the CONUS (Maidment, 2017) and because both models are physically 
based, a comparison of model streamflow performance and agreement is reasonable.   
 The WRF-Hydro.NWM domain encompasses all of the US and parts of Mexico 
and Canada within the NHDPlus network.  It extends to the coastlines and has a vertical 
depth of two meters, made up of four layers (0.1, 0.3, 0.6, and 1.0 m). The PF-CONUS 
domain (Figure 2.1) is a rectangle centered over most of the US and incorporating eight 
major river basins.  It covers an area of nearly 6.3 million km2 and has a depth of 102 
meters divided into five layers (0.1, 0.3, 0.5, 1.0, and 100 m; Maxwell & Condon, 2016).  
For this study we conduct a WRF-Hydro simulation over the NWM v1.2 CONUS 
domain.  Because of the significant computational expense required for each model, 
this simulation was run on the NCAR Computational Information Systems Laboratory 
high-performance supercomputing Cheyenne cluster.  These results are then compared 
to PF-CONUS outputs and streamflow observation gages (Figure 2.1) from Maxwell and 
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Condon (2016), originally run on the NCAR Computational Information Systems 
Laboratory Yellowstone cluster. It should be noted that because the simulations for 
each model were run on different clusters, a direct comparison is not reasonable. In 
order to make the models as comparable as possible, the same WY1985 NLDAS-2 
forcing was used to run WRF-Hydro.NWM as in Maxwell and Condon (2016), using 
simple interpolation to the 1 km grid with no downscaling or bias correction. This year 
was chosen because it is the most climatologically average water year in the 
reconstructed time period (Maxwell & Condon, 2016). Both models simulated pre-
development conditions without anthropogenic influence and produced results at hourly 
temporal resolution. 
 
2.5  Evaluation Metrics 
 In order to assess PF-CONUS and WRF-Hydro.NWM streamflow fluxes, we 
compare model outputs to observed streamflow for WY1985, using a range of metrics.  
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It is important to note that the goals of the simulations here, originally outlined in 
Maxwell and Condon (2016), are not aimed at calibrating the models for the purpose of 
WY1985 streamflow prediction, but to evaluate models based on realistic behavior with 
the intent to begin to parse out physics differences between models and understand 
strengths and weaknesses for further model improvement. Although Maxwell and 
Condon (2016) utilized 3,050 USGS streamflow gages, we sought gages with direct 
spatial alignment between PF-CONUS, WRF-Hydro.NWM, and USGS. Accordingly, our 
comparison consists of 2,235 USGS streamflow gages from WY1985 that matched 
within the PF-CONUS and WRF-Hydro.NWM domains (Falcone, 2011). Two analysis 
methods intend to assess agreement of daily mean streamflow for both models and 
USGS observed values, specifically differences in magnitude and in timing, or shape.  
Absolute relative flow bias evaluates how well the models capture flow magnitude and is 
calculated as, 









  (2.1) 
where Si are simulated flows and Oi are observed flows on day i for n days of 
simulation. We use a threshold of bias lower than one as low bias. We also utilize the 
Spearman’s Rho non-parametric rank test to detect trends in shape of modeled to 
observed flow. Calculated as,  





  (2.2) 
where d is the difference in independent ranking for simulated and observed values for 
day i and n is the number of values in each time series. Spearman’s Rho is used to 
understand how well modeled flow timing compares to observed values and is 
particularly effective for non-normally distributed data like hydrologic time series (Yue et 
al., 2003). We use a threshold of Spearman’s Rho greater than 0.5 as good shape. Both 
relative bias and Spearman’s Rho are calculated for the entire water year from daily 
averaged flow. A spatial analysis is conducted utilizing these metrics alone and 
combined to form streamflow categories. This helps us quantify and understand 
regional differences in model performance. Finally, to further understand differences in 
flow timing, a peak flow analysis was conducted where the day of annual peak flow 
occurrence for each model was compared to observed, and then plotted spatially. 
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CHAPTER 3 
RESULTS AND DISCUSSION 
We compare the simulated and observed average annual and total annual flow 
for PF-CONUS and WRF-Hydro.NWM (Figures 3.1 and 3.2).  For the plots of average 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 3.2  WRF-Hydro.NWM (a) average annual (cms) and (b) total annual flow 
(MCM) compared with USGS observed for all 2,235 streamflow gages. The red 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 3.1  PF-CONUS (a) average annual and (b) total annual flow compared 
with USGS observed for all 2,235 streamflow gages. The red line shows the one-
to-one relationship between modeled and observed. 
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gage for PF-CONUS (3.1a) and WRF-Hydro.NWM (3.2a) and then plotted to mean 
annual observed streamflow in cubic meters per second. In Figures 3.1b and 3.2b, the 
sum of all modeled outflow at each gage is plotted against observed outflow in millions 
of cubic meters. Initial evaluation shows that overall both models agree to USGS 
observed values, even though there are some outliers for each model.  A comparison of 
Figures 3.1 and 3.2 indicates that there is a greater spread of values for PF-CONUS 
(Figure 3.1) than there is for WRF-Hydro.NWM (Figure 3.2).  Additionally, WRF-
Hydro.NWM tends to over-predict both average and total annual flow.   
 
3.1  Streamflow Magnitude and Timing 
In order to understand model performance with respect to streamflow, relative 
flow bias and Spearman’s Rho were calculated individually for each gage location and 
then plotted together, as seen in Figure 3.3.  Here, four streamflow performance 
categories are plotted showing how gage distribution compares with the relative bias 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































WRF−Hydro, NWMv1.2 Configuration Streamflow Performance
















Figure 3.2  Plots comparing streamflow performance for (a) PF-CONUS and (b) WRF-
Hydro.NWM. Lines show thresholds for good shape (Spearman's Rho) and low bias (absolute 
relative flow bias). Green are ‘good shape, low bias,’ purple are ‘bad shape, low bias,’ blue 
are ‘good shape, high bias,’ and red are ‘bad shape, high bias.’ 
a. b. 
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and timing for each gage. The four quadrants symbolize good shape and low bias 
(green), bad shape and low bias (purple), good shape and high bias (blue), and bad 
shape and high bias (red).  From this combined comparison, we see that both models 
generally capture magnitude, with about 80% of gages for each model having low bias 
(green and purple values in Figure 3.3).  WRF-Hydro.NWM more accurately depicts 
flow timing with 73% of gages having good shape, compared with only 62% of gages for 
PF-CONUS (green and blue values in Figure 3.3).  Both models have similar 
percentages for gages that perform poorly in both metrics (red values in Figure 3.3)—
9% and 10% for WRF-Hydro.NWM and PF-CONUS, respectively.  Furthermore, both 
models have at least 54% of gages that exhibit acceptable performance for both 
streamflow volume and timing (green values in Figure 3.3).  These results show that, 
largely, both models are able to represent hydrologic processes well enough to 
accurately simulate streamflow in most cases and support general model agreement 
with observed.  
3.1.1  Spatial Analysis 
Further confirmation of model agreement is seen in example hydrographs from 
different locations across the domain (Figure 3.4).  The aim of these hydrographs is to  
depict that, generally the models do well at predicting streamflow, but there are areas 
where both models do well and other where both perform poorly.  Also, Figure 3.4c 
shows the Colorado River at Grand Canyon, a gage on a heavily managed river.  Notice 
that neither PF-CONUS or WRF-Hydro.NWM captures flow volume or timing here 
because of the lack of water management represented in each model.  
 Spatially plotting the same streamflow categories over the domain (Figure 3.5) 
makes regional patterns apparent.  Figure 3.5 shows the spatial representation of the 
same four streamflow categories as the Figure 3.3 dot plot. This analysis is also 
portrayed in Figure 3.6, where flow bias and Spearman’s Rho values are mapped 
separately for each model.   
When comparing the spatial distribution of the streamflow categories (Figure 
3.5), we see PF-CONUS and WRF-Hydro.NWM both perform well in the eastern part of 
the domain, as seen with the green points.  Similarly, both models have consistently  
 
 






Figure 3.4  Hydrograph comparisons for both models (WRF-Hydro in orange and PF-
CONUS in blue) and observed at different gage locations. These examples depict 
that in some cases, both models accurately simulate flow (a), WRF-Hydro misses 
hydrograph peaks (b), or PF-CONUS overestimates flow volume (d). Note that 
neither model fully captures the flow at the Colorado River near Grand Canyon (c) 
because of the omission of water management within both model configurations.  
 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































! good shape, low bias
! good shape, high bias
! bad shape, low bias
! bad shape, high bias
Figure 3.5  Maps of streamflow categories for (a) PF-CONUS and (b) WRF-
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poor performance throughout the Great Plains where the majority of red points are 
located, indicating poor performance for both volume and timing.  The western portion 
of the domain is where the most distinct differences in streamflow simulations are seen.  
Generally, WRF-Hydro.NWM performs well (green in Figure 3.5b), but somewhat over-
predicts flow volume (Figure 3.6c).  Conversely, in the intermountain west PF-CONUS 
slightly under-predicts flow volume (Figure 3.6a) and has significantly worse 
Spearman’s Rho values than WRF-Hydro.NWM (Figure 3.6b).  This pattern is also seen 
in the PF-CONUS streamflow category map (Figure 3.5a) where most of the western 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 3.6  Absolute relative annual flow bias (a,c) and Spearman's Rho (b,d) for PF-
CONUS and WRF-Hydro.NWM, respectively, for all 2235 gages in the domain. 
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3.1.2  Discussion of Regional Differences  
The differences in regional performance for both PF-CONUS and WRF-
Hydro.NWM, specifically considering the eastern verses western parts of the domain, 
are largely a result of the water availability and its controlling factors.  For example, in   
the arid western part of the US which is generally water-limited, precipitation is the main 
control of water availability (Miralles et al., 2016). With this said, the poorer model 
performance in the west compared with the east may have more to do with the NLDAS-
2 meteorological forcing biases in temperature and precipitation than model physics 
(Pan, 2003; Xia et al., 2012).  Also, in this part of the domain snowmelt dominates 
streamflow and additional forcing biases in snow cover extent and snow water 
equivalent (SWE) affect this region. These biases are documented in Pan et al. (2003) 
and Sheffield et al. (2003).  These studies have also found that when the NLDAS-2 
product was used in various land surface models, snow cover and SWE were 
consistently underestimated.  This would explain the low flow bias in the central Rocky 
Mountain region seen in both models (Figures 3.6a,c).  Maxwell and Condon (2016) 
have also outlined these issues and concluded these biases are partially because of the 
complex topography in this region. The eastern part of the domain does not contain 
such complex topography and is not water limited, thus it is not subject to these biases. 
There, because the mostly unbiased forcing is used as input, we see that model physics 
between PF-CONUS and WRF-Hydro.NWM has proven to have similar performance.  
The poor performance in the central and southwestern part of the domain can be 
explained through the absence of the inclusion of water management in either PF- 
CONUS or WRF-Hydro.NWM. The Great Plains is an agricultural region which is highly 
irrigated and subject to elevated rates of groundwater pumping (Ferguson & Maxwell, 
2012; Scanlon et al., 2012).  As a result, streamflow may have been altered and thus 
the models over-predict flow volume (Figures 3.6a,c) and poorly simulate flow timing 
(Figures 3.6b,d).  Similarly, the southwestern portion of the US river system is highly 
managed (MacDonald, 2010). Here, results for streamflow category for WRF-
Hydro.NWM are clear in that it mostly captures shape, but not volume (Figure 3.5b).  
Results for PF-CONUS are not as clear, as there is a combination of all four categories 
in this region (Figure 3.5a), but it depicts less than favorable results.  Additionally, these 
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areas are more water-limited than the east and, as stated before, can be affected by 
forcing biases and thus result in decreased model performance.  
 
3.1.3  Peak Flow Analysis and Model Flow Timing Differences 
 Differences in model performance are seen in the western part of the domain 
(Figure 3.5 and 3.6b,d) where WRF-Hydro.NWM more accurately simulates flow timing 
than PF-CONUS.  To further understand this discrepancy, a peak flow analysis was 
conducted where the annual peak for WY1985 was found for each observed gage and 
then compared with the simulated annual peak for both models.  The maps in Figure 3.7 
show how early or late the modeled peak flow was compared to observed peak flow 
with the following representations: dark blue is an early peak more than ten days before 
observed, light blue is an early peak fewer than ten days before observed, dark red is a 
late peak more than ten days after observed, light red is a late peak fewer than ten days 
after observed, and yellow indicated the modeled and observed peak fell on the same 
day.  This analysis shows that the poor timing results for PF-CONUS in the west are 
from the model simulating the annual peak flow significantly early as most of the gage 
locations in that region in Figure 3.7a are dark blue (modeled peak >10 before 
observed).   
 Although the reasoning for these regional differences between models is not fully 
understood, it may be a result of the specific routing schemes and groundwater 
components for each model. In the west, PF-CONUS underestimates and WRF-
Hydro.NWM overestimates streamflow (eg. especially the northwest and southwest 
parts of Figure 3.6c). Once overland flow in WRF-Hydro.NWM enters the NHDPlus 
network, there is no option for it to leave the network because of the absence of 
overbank flow in the model.  As a result, water is forced down the stream with nowhere 
else to go and so streamflow simulations are greater than observed.  This may also 
explain why in the southwest part of the domain WRF-Hydro.NWM is showing high flow 
bias (overpredicting streamflow), but good shape.  Additionally, the arid western region 
has a deeper water table depth than the more humid east (Maxwell et al., 2015).  
Dissimilarities in model behavior may be a result of the different subsurface schemes 
and depths represented in each model.  
 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































! Late Peak (>10 days)
! Late Peak (<10 days)
! On Day
! Early Peak (<10 days)
! Early Peak (>10 days)
Figure 3.7  Spatial plots of annual peak flow timing for (a) PF-CONUS and (b) WRF-
Hydro.NWM.  Maps depict if timing of the modeled peak is more than 10 days early 
(dark blue), fewer than 10 days early (light blue), more than 10 days late (dark red), 








A model intercomparison was conducted between ParFlow-CONUS and the 
National Water Model v1.2 configuration of WRF-Hydro over the majority of the 
continental United States.  Specifically, in this study we evaluated model performance 
based on streamflow.  Overall, PF-CONUS and WRF-Hydro.NWM have similar 
performance in regard to depicting streamflow volume, which is indicated in the similar 
results for relative bias when compared to observed (Figure 3.6).  The largest 
discrepancy between the models was the difference in temporal pattern of flow time 
series.  PF-CONUS displayed less favorable results regarding shape, having 11% fewer 
gages in the acceptable range of Spearman’s Rho values than WRF-Hydro.NWM 
(Figure 3.3). These similarities and differences between the two models are also 
observed when considering the spatial distribution of relative bias and Spearman’s Rho. 
Spatial representation of streamflow category (Figure 3.5) shows that models have 
acceptable performance in the eastern portion of the US and are least accurate in the 
southwest and Great Plains.  We suggest the reasoning for these differences is from 
absence of inclusion of water management in either model, biases in the NLDAS-2 
metrological forcing precipitation and SWE representation, and difficulties of hydrologic 
modeling in complex topography. Although performance is similar for both PF-CONUS 
and WRF-Hydro.NWM, differences in timing are apparent (Figures 3.6b,d) and PF-
CONUS predicts annual peak flow considerably early in the western portion of the 
domain (Figure 3.7a). 
On the whole, both PF-CONUS and WRF-Hydro.NWM have good general 
agreement with observed flow.  This demonstrates that the physics within each model 
accurately represent the overall processes of the hydrologic cycle, specifically for this 
study, streamflow.  Neither model had more than 10% of gages with poor streamflow 
category (relative flow bias and Spearman’s Rho), and both models had more than 54% 
of gages with acceptable streamflow category (Figure 3.3). These results give us 
confidence in these models’ ability to accurately predict streamflow over large areas.  
As has been corroborated in other studies (Pan et al., 2003; Xia et al., 2012; Maxwell & 
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Condon, 2016), improvements to parameters and meteorological forcing would improve 
the accuracy of these types of physics-based models. Additionally, being aware of 
model input dataset, parameter, and forcing biases will help to better understand model 
performance and where improvements can be made. 
This study of two hydrologic models over a large part of the CONUS domain has 
wider implications within the hydrologic community.  Understanding the regional 
advantages and disadvantages in these large-scale models will help hydrologists 
improve upon model configurations and process representations, making advances in 
hydrologic modeling.  Additionally, large-scale models like PF-CONUS and WRF-
Hydro.NWM may provide water information to parts of the world without established 
hydrologic observation networks, as well as supply researchers, academia, water 
managers, and policy makers with additional water information support.  With 
collaboration and further studies such as these, there is much to look forward to in the 
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APPENDIX A 
MAPS OF EVALUATION METRICS FOR REFERENCE GAGES 
 The following maps contain metrics defined in this thesis for reference gages 
only. Reference gages are defined as gages that have minimal anthropogenic 
disturbances (Maxwell & Condon, 2016) and are from the GAGES-II dataset (Falcone, 
2011). The purpose of including these maps is to show modeled streamflow 
performance for places without significant anthropogenic and water management 
influence.  
 





Figure A.1  Maps of relative flow bias for (a) PF-CONUS and (b) WRF-
Hydro.NWM for the Reference streamflow gages in the domain. 
PF-CONUS
WRF-Hydro.NWM
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! <  0.0 ! 0.0 - 0.25 ! 0.25 - 0.5 ! 0.5 - 0.75 ! 0.75 - 1.0
Figure A.2  Maps of Spearman’s Rho for (a) PF-CONUS and (b) WRF-
Hydro.NWM for the Reference streamflow gages in the domain. 
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 Figure A.3  Maps of streamflow categories for (a) PF-CONUS and (b) WRF-
Hydro.NWM for the Reference streamflow gages in the domain. 
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WRF-Hydro.NWM
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